Glucocorticoids (GCs) are involved in stress and circadian regulation, and produce many actions via the GC receptor (GR), which is classically understood to function as a nuclear transcription factor. However, the nuclear genome is not the only genome in eukaryotic cells. The mitochondria also contain a small circular genome, the mitochondrial DNA (mtDNA), that encodes 13 polypeptides. Recent work has established that, in the brain and other systems, the GR is translocated from the cytosol to the mitochondria and that stress and corticosteroids have a direct influence on mtDNA transcription and mitochondrial physiology. To determine if stress affects mitochondrially transcribed mRNA (mtRNA) expression, we exposed adult male rats to both acute and chronic immobilization stress and examined mtRNA expression using quantitative RT-PCR. We found that acute stress had a main effect on mtRNA expression and that expression of NADH dehydrogenase 1, 3, and 6 (ND-1, ND-3, ND-6) and ATP synthase 6 (ATP-6) genes was significantly down-regulated. Chronic stress induced a significant up-regulation of ND-6 expression. Adrenalectomy abolished acute stress-induced mtRNA regulation, demonstrating GC dependence. ChIP sequencing of GR showed that corticosterone treatment induced a dose-dependent association of the GR with the control region of the mitochondrial genome. These findings demonstrate GR and stress-dependent transcriptional regulation of the mitochondrial genome in vivo and are consistent with previous work linking stress and GCs with changes in the function of brain mitochondria.
nuclear receptors | allostasis | mitochondrial plasticity | brain metabolism | mitochondrial transcription S tress places energetic demands on an organism that require rapid, coordinated physiologic and energetic responses to ensure the successful response of an organism to environmental challenges. This response requires that energetic resources be shunted from one tissue to serve the needs of another to permit the organism to surmount whatever obstacle the stress represents. The stress response is coordinated to a large part by glucocorticoids (GCs), a class of adrenal steroids released during and after stress that also mediate diurnal variations in physiology. GCs act as regulators of a number of physiologic processes, notably the liberation of energy stores via gluconeogenesis and other means and by suppressing glucose uptake and activity in some tissues, such as adipose-and immune tissue (1, 2) that may be unnecessary to overcome an immediate threat or to reduce the negative impact of excess glucose in neurons (3) .
GCs are also important factors in the orchestration of wholeorganism behavioral and physiological responses such as the sleep/ wake cycle and other circadian rhythms, which also can be disrupted by stress. In the brain, GCs mediate what may be regarded as both the adaptive and maladaptive effects of stress, although it should be emphasized that what is regarded as "adaptive" is context dependent. For example, moderate GC levels improve performance on spatial memory tasks and adaptive immunity, but high, sustained levels of the steroids can impair performance (4, 5) . This biphasic pattern, in which acute and chronic stress or corticosteroid exposure have different or even opposed effects, holds for other effects in the nervous system, such as dendritic plasticity and neurogenesis (6, 7) , and may serve to adapt the nervous system to the energetic demands of environment in many cases, although it may induce pathology in others (8) .
GCs are classically understood to act via the mineralocorticoid receptors (MRs) and GC receptors (GRs). These nuclear receptors, like others in their class, act as ligand-activated transcription factors, which translocate from the cytoplasm to the nucleus to exert their effects by binding to response elements in the genome. It has become apparent that this view of corticosteroid action is incomplete, because a number of rapid, nongenomic effects of GCs and other steroid hormones have been observed (9) . Given the effects of GCs on metabolism and energetics across tissues, as well as their impact on the structure and function of individual neurons and synapses, it is logical to look to the organelle responsible for cellular energy generation, the mitochondria, for evidence of GC action.
The mitochondria are present in neurons and glia in numbers varying from hundreds to thousands per cell. Mitochondria are highly dynamic within neurons, undergoing fission and fusion in response to local conditions and being trafficked to regions of Significance Successful response to stress requires that an organism rapidly direct its energy toward an appropriate survival response. The brain is central to successful survival decisions, and therefore its ability to allocate energetic resources precisely in response to stress is paramount. Glucocorticoid stress hormones have long been known to assist in the liberation of energy during stress via their ability to regulate the activity of the nuclear genome. The cellular powerhouse, the mitochondria, also contains a genome; herein we show that glucocorticoids, acting through their receptors, regulate the expression of mitochondrial genes in the brain. These findings demonstrate a direct molecular linkage between stress and mitochondrial function.
high metabolic demand such as the synapse, where they sit at the nexus of multiple biochemical pathways that regulate neural plasticity (10) . The mammalian mitochondria contains a 16.6-kb circular chromosome known as mitochondrial DNA (mtDNA), which encodes 37 genes in total, 13 of which code for proteins essential to the function of the mitochondrial electron transport chain. Mutations in the mtDNA have been linked to serious diseases that show a marked effect on the central nervous system in both humans and mouse model systems (11, 12) . Steroid hormone receptors, including estrogen receptors and GRs, translocate into brain mitochondria. Studies in cultured cells suggest that mtDNA contains GC response elements (GREs) and that these may have a functional role in regulating mtDNA transcription (13) (14) (15) (16) (17) (18) . In both cultured neurons and in prefrontal cortex tissue, GC treatment showed a biphasic effect on mitochondrial oxidation, membrane potential, and calcium capacity, with lower doses improving these measures and higher or chronic doses and treatments causing deficits. These effects were correlated with the neuroprotective effects of the GC corticosterone (15) . Previous studies have established that GRs can alter the transcription of mitochondrial genes in cultured cells, but GR regulation of mtDNA transcription has not yet been confirmed as occurring in vivo (13) . These findings raise the questions: Does GR act to influence transcription in brain mitochondria? Furthermore, do stress or corticosteroids regulate expression of the genes of mtDNA?
Although our previous work focused on the translocation of GR into the mitochondria in the prefrontal cortex, we chose to examine the hippocampus in this study because of its sensitivity to stress. We addressed questions about the capacity of stress, and corticosterone, acting via the GR to alter expression of mRNAs derived from the mitochondrial genome (mtRNA) in the presence or absence of endogenous corticosteroids, and we performed ChIP-sequencing (ChIP-seq) to demonstrate GR interaction with the mitochondrial genome in the rat hippocampus. However, we believe that the findings reported here likely generalize beyond that brain region.
Results
Acute Stress Decreases mtRNA Expression in the Rat Hippocampus.
We first determined whether a single acute stressor had an effect on the expression of mtRNA in the hippocampus. We chose a time point 90 min after stress onset to fit with our previous observations of GR translocation into mitochondria (15) . We subjected adult male Sprague-Dawley rats to acute immobilization stress and examined whether stress-induced changes in mitochondrial gene expression, as measured with RT-PCR using primers designed in the B.S.M. laboratory (SI Methods, Fig. S1 , and Table S1 ), in the hippocampus, a brain region that expresses high levels of GR and is particularly stress-sensitive. Rats (n = 8) stressed acutely for 30 min and allowed to recover for 1 h showed a main effect of stress on overall mitochondrial gene expression (n = 8, F = 40.3, P < 0.0001) ( Fig. 1 ): four mRNAs, NADH dehydrogenase 1, 3, and 6 (ND-1, ND-3, ND-6) and ATP synthase 6 (ATP-6), showed significant decreases of 50% or more (ND-1: P < 0.05; ND-3, ND-6, and ATP6: P < 0.001). (For mtDNA gene nomenclature, see Table 1 .)
Chronic Stress Increases Expression of ND-6 mRNA. To assess the effect of chronic stress on mtRNA expression, we subjected rats to 21 d of immobilization stress for 1 h/d during the light phase of their cycle. Quantitative RT-PCR analysis of mtRNA expression revealed significant changes in the expression of only one gene, ND-6, which showed a significant (twofold ± 28%; P < 0.05; n = 8) increase in expression over controls (Fig. 2) , a direction opposite that seen with acute mobilization stress.
Adrenalectomy Blocks the Stress-Induced Down-Regulation of mtRNA.
To determine if the acute stress-induced down-regulation of mtRNA was corticosteroid dependent, we removed the adrenal glands from adult male rats or performed sham surgery with an incision in the same region of the flanks. These animals then were subjected to either a single 30-min episode of acute stress, followed by 1 h of recovery or were allowed to pass the time in their home cage (controls). Sham-operated animals subjected to acute stress showed significant decreases in the expression of ND-1, ND-3, ND-6, and ATP-6, as had been observed previously (n = 5-8; P < 0.05 versus sham control), whereas neither the adrenalexcised control rats nor the adrenal-excised rats subjected to stress conditions showed significant changes in mtRNA expression relative to sham controls (Fig. 3) . Thus, the acute stress effect is dependent upon adrenal secretions.
The GR Binds the Control Region of the Mitochondrial Genome in the Presence of Corticosterone. Although in previous studies we have established that GR translocates into mitochondria under conditions of stress or elevated corticosteroid levels (15) , and others have shown that GR binding to mtDNA occurs in liver extracts (19) , it has not been established whether the GR actually binds Fig. 1 . Change in the expression of mitochondrial mRNA after acute immobilization stress and brief (1-h) recovery. There was a main effect of stress on mtRNA expression (n = 8, F = 40.3, P < 0.0001) and were significant decreases in ND-1 (*P < 0.05) and ND-3, ND-6, and ATP-6 expression (**P < 0.001). to the brain mitochondrial genome as it does to genes in the cell nucleus. To determine if corticosteroid-induced GR binding to mtDNA occurs in the brain, we treated rats with a moderate (300 μg/kg) or high (3,000 μg/kg) dose of corticosterone or performed ChIP-seq with anti-GR antibodies on hippocampal chromatin from those animals. We then examined the resulting data for evidence of significant GR-binding peaks in the mitochondrial genome. We found a significant [fivefold; n = 6; P < 1 × 10
%] increase in GR binding to the D-loop control region of the mitochondrial genome in animals treated with the 300-μg/kg dose and a similar but less pronounced fourfold increase in GR binding to the same region in animals treated with the 3,000 μg/kg dose (n = 6; P < 1 × 10 −9 ; FDR < 0.001%) (Fig. 4) . In contrast to the response to acute stress seen in intact rats, injection of 300 μg/kg corticosterone also caused a moderate but significant up-regulation of the expression of most mitochondrial genes as measured by RNA-seq (ND-3, ND-4, Cox-2, ND-4L, ATP-6, ATP-8, ND-5, Cox-3, Cox-1, and Cytb; P < 5.0 × 10 −5 ; n = 6) and a moderate down-regulation of ND1 and ND2 (P < 5.0 × 10
; n = 6) (Fig. 4 B and C) . These results also were confirmed by RT-PCR (SI Methods).
Discussion
It recently has been proposed that mitochondrial allostatic load, the mitochondrial analog of allostatic load in the broader context of stress biology (20) , represents a potentially significant pathogenic agent in stress-related disease and cellular aging (21) . Mitochondrial allostatic load can be defined as the sum of the potentially damaging changes to mitochondrial structure and function as a consequence of stress exposure. It has been demonstrated previously that stress and corticosteroids induce translocation of the GR into brain mitochondria and that this translocation alters mitochondrial physiology (15) . The GR is a well-described ligand-activated nuclear transcription factor, and the mtDNA contains GREs that can regulate mtDNA transcription in cultured human cell lines (13, 14) . These observations and the fact that GR translocates to the mitochondria in response to treatment with its endogenous ligand suggested that it might regulate transcription of the brain mitochondrial genome as well. Here we have shown that stress regulates mitochondrial gene transcription in a dynamic, corticosteroid-dependent manner and that the GR interacts intimately with the mtDNA in response to corticosterone treatment. Interestingly, GR binding to mtDNA was maximal at the 300-μg/kg dose but was lower at the 3 mg/kg dose, suggesting the descending limb of the inverted-U doseresponse relationship often observed with corticosteroids (22) . Furthermore, the GR binding or interaction site we describe coincides closely with the GRα GRE identified previously by the Sekeris laboratory in human cell lines and mouse hepatocytes (14, 19) . It is worth noting that, although our ChIP-Seq data show an interaction with a putative GRE, the method does not demonstrate that a direct GR-DNA binding event has occurred, because other elements of the transcriptional machinery may be involved. Although the GR, androgen, estrogen, and thyroid hormone receptors have been shown to be present in mitochondria (reviewed in ref. 23) , the MR has not been found there, and our previous work in neurons failed to show translocation of MR to mitochondria under either basal or corticosteroid-treated conditions (15) , suggesting that the effects observed here are GR rather than MR mediated.
Acute vs. Chronic Stress Effects. In the nuclear genome, acute stress and GC treatment regulate a larger number of genes than chronic stress (24) (25) (26) , and this pattern holds true for our observations of mitochondrial gene expression as well. Acute stress caused a significant main effect on mitochondrial gene expression and a significant down-regulation of 4 of 13 mitochondrial genes examined, although all but one gene showed reduced expression. Three of these genes (ND-1, ND-3, and ND-6) are subunits of complex I of the respiratory chain, the first step in which electron flow is initiated, and one (ATP-6) is a component of the ATP-synthase, the last step in which mitochondrial ATP is synthesized. Chronic stress had a significant effect only on the expression of the ND-6 subunit of complex I of the electron transport chain. In contrast to acute stress, chronic stress induced an up-regulation of ND-6 mRNA. ND-6 mRNA also showed the largest fold down-regulation by acute stress. These findings fit well with the body of literature examining the differing effects of acute versus chronic stress on gene expression. Acute stress often shows a pattern of broad, larger-magnitude changes in gene expression, whereas chronic stress shows a less pronounced change, often in a different direction from the response evoked by acute stress or corticosteroid treatment (e.g., refs. 24, 27, and 28).
Role of Adrenal Steroids. Adrenalectomy followed by acute corticosterone treatment produced increases in most mitochondrial RNAs in the present study, suggesting that the interactions of GR with mtDNA are complex and context specific and that adrenal steroids actually may oppose the effects of acute stress on some of the mitochondrial genes. Previous work has shown similarly complex relations between corticosteroid treatment, acute and chronic stress, and gene expression for a number of individual nuclear genes (e.g., refs. 28-31). More recently, global nuclear gene-expression analyses have shown that the three manipulations have largely nonoverlapping effects on mRNA expression patterns in the rodent hippocampus (24, 32) . Thus, our observations of the regulation of the mitochondrial genome by stress and corticosteroids are consonant with previous observations of nuclear gene expression. The time course of hypothalamic-pituitary-adrenal axis activation and adaptation as a result of stress is significant, and future work will be needed to examine the role of the timing and duration of stress in GRmtDNA interactions.
Acute stress produced a global down-regulation in mtRNA expression, although only four genes showed statistically significant changes in expression in our analysis. The reasons for this differential down-regulation are not entirely clear but likely have to do with the polycistronic nature of the mitochondrial genome. In addition, in the rat mitochondrial genome, ND-6 is located close to the GR-binding peak we describe here, as is ND-1 (Fig.  5) . ND-3 and ATP-6 also are relatively close to GREs (14) . Although we did not observe significant GR interaction with the presumptive GRE near ND-3 and ATP-6, such interaction may have occurred at an earlier time point than was captured in our ChIP-seq analysis. ND-6 is the only protein-coding gene to be (C) mt-mRNA RNA-seq reads from acute (300 μg/kg) corticosteronetreated adrenalectomized rat hippocampus. Corticosterone treatment resulted in significantly higher expression of 10 of 13 mtDNA genes (n = 6; P < 0.00005; q < 0.0008).
oriented in the opposite direction, on the light strand, rather than on the heavy strand with the rest of the protein-coding genes (33) ; this position may explain why it is more labile in response to GC stimulation and suggests a directional effect of GR binding on transcription. ND-6 also appears to be expressed at levels several fold lower than the other mtDNA genes across all the analyses we performed.
Functional Implications. The ND-6 gene codes for NADHubiquinone oxidoreductase chain subunit 6, which is a subunit of complex I of the electron transport chain. Exposure to high doses of corticosterone reduce complex I activity and increase reactive oxygen species (ROS) production and consequent molecular damage in rat PC12 cells (34) . Consistent with our findings, complex III, which is the other principal source of mitochondrial ROS, did not show a change in activity (34) . Chronic stress has been shown to produce results similar to the effects of high-dose corticosteroids on mitochondrial function in intact rodent brains (35) (36) (37) , suggesting that the transcriptional activity of GR in brain mitochondria is a consistent mechanism for the transduction of psychological stress into molecular pathology. Mitochondrial dysfunction in general, and complex I deficits specifically, have been shown to be associated with a number of neurodegenerative and neuropsychiatric disorders, including Parkinson's disease, Alzheimer's disease, and bipolar disorder (38) (39) (40) . It is possible the increase in ND-6 caused by chronic stress is a compensatory response to the mitochondrial allostatic load or overload, an idea supported by previous work showing deficits in mitochondrial function as a consequence of chronic GC exposure (15) . If so, then our findings might support the hypothesis that stress, by increasing mitochondrial allostatic load, could account for much of the individual variability in the age of onset and symptom severity seen in many of these disorders.
In conclusion, although our work here has focused on the hippocampus for methodological reasons (higher GR expression), we and our collaborators have shown previously that the GR translocates into mitochondria in neurons of the prefrontal cortex (15) , and the available evidence indicates this translocation is a general process in neurons and is likely to apply broadly to all corticosteroid target tissues, including glial cells, which were included in our approach (16) . In a similar vein, it is possible that the effects we observed were dampened by the cellular heterogeneity of our sample, generating potential false negatives. Determining the cell-type specificity of these GR-mtDNA interactions will be an important focus for future work. Nonetheless, these findings demonstrate the capacity of nuclear receptors to regulate the transcription of genes located on the mitochondrial genome. Furthermore, we have shown that this GR dependent regulation of mitochondrial mRNA can occur in response to environmental stress, a known factor in a number of neurologic and psychiatric diseases (41) . These findings have implications for a variety of phenomena in neuroscience, from synaptic plasticity, by which local control of mitochondrial activity could be altered, to neurodegenerative diseases in which mitochondrial dysfunction is widely implicated and in which stress can be a contributing factor (10, 42) . Acute Immobilization Stress. Rats (n = 8) were restrained for 30 min in wellventilated plastic bag restrainers, released, and allowed to recover in their home cage for 1 h. Then they were killed, and their hippocampi were processed for RT-PCR (see Table S1 for primer sequences).
Chronic Immobilization Stress. Rats (n = 8) were restrained daily for 2 h in plastic bag restrainers for 3 wk. After the last restraint they were released and allowed to recover in their home cage for 1 h. Then they were killed, and their hippocampi were processed for RT-PCR.
Adrenalectomy and Acute Stress. Adrenalectomies and sham surgeries were performed as described previously in ref. 31 . Rats were allowed to recover for 4 d after surgery and were provided with 0.9% saline to drink. They then were subjected to acute immobilization or were allowed to remain in their home cage (controls). Then they were killed, and their hippocampi were processed for RT-PCR.
RT-PCR. RT-PCR was performed in accordance with standard procedures. SYBR Green primers designed for the mRNAs of interest were used (SI Methods).
GR ChIP-seq was performed as described in ref. 43 . Rats were adrenalectomized and injected with 300 or 3,000 μg/kg of corticosterone 1 h before they were killed and tissue was processed for ChIP. Hippocampi were bilaterally dissected, finely chopped, fixed with 1% formaldehyde, and then flash frozen on dry ice until ready for further processing. ChIP was performed with anti-GR antibody (H-300) or normal rabbit IgG (Santa Cruz Biotechnology). Single-end sequencing of 35-bp reads was performed using an Illumina Genome Analyzer at the Leiden Genome Technology Center, Leiden University Medical Center.
Read Alignment and Peak Analysis. Reads were aligned using the BurroughsWheeler Aligner (45) to the rat rn5 reference genome, and BED files were generated using BEDtools (46) . Peak calling was performed using MACS2 (47) with a P value cut-off of 1.0 × 10
, a fold cutoff of 30, and a λ value of 1,000. FDRs were calculated by MACS2. Integrated Genomics Viewer (IGV) was used to visualize results (48). RNA-Seq. RNA-seq was performed on rats (n = 6) adrenalectomized and treated with either 300 μg/kg corticosterone or vehicle (as in the GR ChIPseq process described above). Rats were killed 1 h after treatment, and their hippocampi were harvested and flash frozen before RNA extraction. RNA was processed for RNA-seq by the Massachusetts General Hospital (MGH) Next-Generation Sequencing Core on an Illumina HiSeq sequencer. Sequenced .fastq files were transferred via File Transfer Protocol from MGH to the R.G.H. laboratory local galaxy server. Quality scores were converted to Sanger format with the Fastq Groomer tool (v1.0.4) (49) using default settings. The rn5 mitochondrial DNA sequence was downloaded from the University of California, Santa Cruz genome table browser and indexed with Bowtie2 (v0.6) (50) and default settings. The paired-end groomed files were mapped to this index using Tophat (v0.9) (51). After read mapping, the accepted-hits.bam files were run through Cufflinks (v2.2.1.0) to identify transcripts, using the ensembl annotation . gtf file to identify mitochondrial genes. The cufflinks transcripts were merged with the cuffmerge tool (v2.2.1.0) with default settings, and Cuffdiff (v2.2.1.3) (52) was used to look for differences between the two groups.
